T he ischemic potential of a coronary artery stenosis is revealed by physiological challenges, manifesting as myocardial malperfusion, and depending on the severity and duration of ischemia, mechanical and electric dysfunctions. Coronary pathophysiological changes can be measured either directly by translesional coronary pressure and flow or indirectly by positron emission tomography perfusion studies or nuclear scintigraphy. Real-time myocardial contrast stress echocardiography (RTMCE) is another technique that provides a measure of myocardial perfusion, while simultaneously demonstrating abnormal regional LV contraction, one of the most concrete functional consequences of ischemia. 1
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In the invasive assessment of coronary disease, several translesional pressure/flow metrics, both at rest and during hyperemic stress, have been examined, the most well-known (and well studied) of which is fractional flow reserve (FFR), a pressure-derived measurement of the hemodynamic significance of an epicardial stenosis. It has an ischemic threshold value of <0.75 to 0.80 below which there is a strong association with ischemia as defined by a composite of 3 noninvasive stress tests. Initially, FFR was, thus, compared against the best "gold" standards then available and subsequently validated in multiple large clinical outcome studies. 2, 3 When comparing FFR to other invasive physiological indices or newer noninvasive stress tests, recall that FFR is specific only for the epicardial resistance and does not inform us the status of the microcirculation. In contrast, techniques such as Doppler flow wire, coronary thermodilution, and RTMCE flow measure coronary flow itself, which is affected by both the epicardial and coronary microvascular resistances. These techniques permit the computation of coronary flow reserve (CFR, ratio of maximal to basal coronary blood flow [CBF]); thus, providing complementary information to FFR for a complete assessment of the coronary circulation. However, for the very reason that FFR cannot assess the microcirculation, it is no surprise that there is only fair correspondence between FFR and those tests that principally depend on changes in the microcirculation, such as CFR 4 or nuclear scintigraphy. The strongest correlations among FFR and CFR and its noninvasive kin occur when the extremes of stenosis severity are included.
In this issue of Circulation: Cardiovascular Imaging, Wu et al 5 compared RTMCE CBF (ie, capillary) and left ventricular wall motion abnormality (LVWMA) to FFR in 58 patients with 67 intermediate coronary stenosis, ranging in severity from 50% to 80%. Dobutamine (n=32) or exercise (n=26) stress was performed before angiography. An FFR ≤0.8 was present in 18 of 67 stenoses (27%); 17 of 18 FFRpositive stenoses had abnormal MCE CBF. However, 28 of 49 FFR-negative stenoses (57%) also had abnormal CBF and 24 of 49 (49%) had abnormal wall motion. Wu et al 5 concluded that a large percentage of intermediate stenoses with nonischemic FFR values (ie,>0.80) had reduced MCE CBF during demand stress, resulting in myocardial ischemia. Thus, abnormal CBF during demand stress RTMCE had high sensitivity (94%) for detecting a hemodynamically significant epicardial stenosis (ie, abnormal FFR) but a low specificity (57% for nonischemic FFR).
How can we reconcile these discordant results? The controversy about which metric is the better test for ischemia, as noted previously, 6,7 remains fueled by lack of a true and readily obtained ischemic gold standard in patients. However, unique to this study is that inducible wall motion dysfunction has a particular relevance to ischemia and may be closer to a true standard, with the caveat of the inherent limitations of the method.
Microvascular circulatory impairment with reduced CBF may occur in the absence of epicardial stenosis resistance (as measured by FFR), thereby accounting for an anticipated disparity between negative FFR and abnormal CBF. However, unlike studies comparing FFR to traditional stress tests (and measures of CFR alone), RTMCE couples LVWM abnormality with reduced CBF, suggesting a more definitive detector of true ischemia. 1 While acknowledging the many contributions to the field of MCE and the extensive expertise of the authors, the RTMCE with LVWMA assessment seems to be more sensitive and specific than both invasive FFR and CFR and potentially could serve as a superior marker of ischemia. However, before demoting FFR, an examination of RTMCE and its limitations is necessary. Could the degree of microvascular dysfunction as measured by microbubble contrast echo flow be sufficiently reduced to induce LVWMA in the absence Myocardial Contrast Stress Echo vs FFR of an epicardial stenosis? Is RTMCE sufficiently free of test artifact and false positives/negatives (Table) 8 to serve as a useful ischemic standard?
Many clinicians would agree that RTMCE is a difficult test to perform and reliably interpret in routine practice, given the limitations of resolution with ultrasound and interobserver variation. Among the technical limitations is the complexity of determining quantitative blood flow data. 9, 10 Microbubble blood flow is dependent on the myocardial blood volume fraction and microbubble flow velocity. Factors influencing either volume or velocity can produce variations in CBF results. Although MCE does have the potential for quantification of blood flow, Wu et al 5 defined it in a binary fashion. An abnormal CBF during stress imaging was defined as a delay in subendocardial or transmural myocardial contrast replenishment of >2 s after a high mechanical index impulse that was in 2 contiguous segments, and which exhibited normal replenishment under resting conditions. Does this translate into a high-, moderate-, or low-flow state? Equally relevant to the ischemic standard question is the potential for over interpretation of LVWMA. If the same reader identifies impaired flow by MCE, is their interpretation of LVWM influenced, biasing the association? In addition, because of signal attenuation, false-positive contrast imaging defects may appear more commonly in the inferior and lateral regions (14 territories), and LVWMA in multivessel CAD may confound the correlation with FFR. Caution in accepting the LVWMA finding as independent confirmation of the RTMCE ischemic results is, thus, justified.
In addition, the author's enumerated limitations of small patient numbers, a single-center retrospective design, and available technical expertise should include the higher prevalence of diabetics and smokers in the study group, which also increases the likelihood of stress-induced microvascular abnormalities. Given the small and selected patient population, would these findings be reproducible in a larger and more varied patient group with CAD or in a multicenter trial?
We compliment the authors on including clinical outcomes, the most important product of medical decision making. The abbreviated outcomes during a 2-month (median) follow-up period noted that 16 of 26 (59%) patients who had abnormal CBF with negative FFR had Canadian Cardiovascular Functional Class II to III symptoms or had revascularization because of symptoms. Ten patients remained asymptomatic on medical therapy. The comparison of events rates from FFR-negative stenoses (3%) in outcome studies of patients with known intermediate coronary stenoses to those in their normal registries in angina patients (1%) unfairly stacks the deck in favor of RTMCE outcomes. These limited outcome data are not comparable to the 15-year outcome data of deferring interventions based on FFR. 11 The study by Wu et al 5 reminds us that an ischemic gold standard in man is hard to come by. The most definitive evidence of ischemia is the induced mechanical failure of the myocardium to shorten and thicken. More subtle evidence of ischemia, depending on the duration and intensity of the ischemia, can be obtained from methods measuring myocardial malperfusion, a phenomenon occurring early in the ischemic cascade associated with local tissue acidosis followed by contractile dysfunction, and electrocardiographic changes. Unfortunately, our stress testing modalities will always have shortcomings of false-positive and false-negative results making any one of them only a semi-gold ischemic standard.
RTMCE in theory has great potential as a noninvasive measure of ischemic malperfusion and myocardial dysfunction, but will require more comparative data across the spectrum of CAD before it can be widely applied and successfully compete with FFR. 12 Although far from perfect, FFR remains an often challenged yet durable standard to guide decision making in patients with CAD. 
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